We report the design and development of a compact electron and positron spectrometer based on tapered Neodymium Iron Boron magnets. We show that the tapered design forms a gradient magnetic field component allowing energy dependent focusing of the dispersed charged particles along a chosen detector plane using RADIA, a code developed by European Synchrotron Radiation Facility for solving three-dimensional magnetostatics configuration, and a fourth order Runge-Kutta Particle Tracking code. The mirror symmetric design allows for simultaneous detection of pairs i.e. electrons and positrons with energies from 2 MeV to 500 MeV. We have developed a prototype matching the design specifications. We investigate the effects of beam divergence on the energy resolution and signal conversion efficiency for a photo-stimulated luminescencebased Imaging Plates (IPs). The optimal entrance aperture of the magnet is found to be elliptical and bigger than that of conventional pinhole aperture-based spectrometer designs even for a divergent beam originating from a point source at 20 cm away (i.e. solid angle of ~8 milli steradians). The signal efficiency in BAS-IP of SR type ranges from 1% to 5% for a parallel beam incident on a circular aperture of 20 mm diameter type at a chosen detection plane whereas it drops by up to a factor of 
I. INTRODUCTION
The introduction of chirped-pulsed amplification 1 in lasers has opened new avenues to explore fundamental physics in the uncharted area of electrodynamics ranging from generation of x-rays, 2, 3 , acceleration of ions, 4, 5 neutrons, 6 and electrons 7, 8 to creating astrophysical plasma like conditions in laboratories. 9 In a typical laser-matter experiment, the energy spectra of particles of interest are often characterized to unravel the physical phenomena involved. One of the simplest and widely used methods to measure the energy spectrum of the charged particles produced from a laser-matter interaction involves dispersion of these particles in a constant or uniform dipole magnetic field created either by an electromagnet or permanent magnets; [10] [11] [12] [13] [14] this technique relies on high flux of incident particles with specific angular and spectral distributions due to several restraining factors including, but § Electronic mail: gtiwari30@physics.utexas.edu 2 not limited to, the use of a small pinhole to shield the detector plane from the background noise, relatively low response threshold of the detector being used and the size and shape of the compact detection system being implemented. For a low-repetition rate high intensity lasers such as the Texas Petawatt Facility, 15 these detectors tend to be less universal in terms of use and often need to be redesigned and reproduced to meet the demands of the variety of experiments being conducted at such a facility. 13 Although the digital adaption 11, 12 of the conventional designs make them appealing for high-repetition rate laser systems, it does not improve the efficiency for the detection of low flux electrons or positrons.
Since multi-MeV photons have relatively small cross-sections in matter compared to the charged particles, 16 the issue of detection of low flux of multi-MeV photons has been overcome for Compton spectrometers in the past.
Elegant magnet designs with the characteristic features of combined function magnets were implemented to properly characterize the energy spectrum of the incident photon beams as well as to maximize the acceptance of the electrons produced for better performance. [17] [18] [19] For example, Broad Range Electron Spectrometer (BRES) 18 implemented stigmatic focusing design based on a gradient field distribution that allowed both vertical and radial focusing of the dispersion of the Compton scattered electrons whereas Gamma to Electron Magnetic Spectrometer(GEPS) 19 adopted homogenous sectorial based design with electromagnets. 20, 21 Both BRES and GEPS were designed to detect electrons only. Here we present a design based on tapered permanent magnets to improve the detection of low flux multi-MeV electrons and positrons produced from direct or indirect laser-matter experiments. The proposed design has the unique properties of a magnet desired for multi-MeV gamma spectroscopy.
The rest of the article is organized as follows: In section II, we present the design based on tapered permanent Neodymium Iron Boron (NdFeB) magnets and demonstrate its focusing properties. Section III proceeds with the development of a prototype featuring the simulated design based on the mapping of the magnetic flux density components. Section IV explores the issue and options of detecting charged particles along a curved plane and the dependence of the desired detection plane on the beam divergence. In section V, we present the analysis of acceptance, resolution and efficiency of the prototype based on the simulated design. We explore the extension of 3 this design for the detection of multi-MeV photon beams in Section VI. Finally, we sum up our findings in section VI.
II. UNIDIRECTIONAL FOCUSING FROM THE GRADIENT DESIGN
The tapered design shown in figures 1(a) and 1(b) was selected with a primary goal to design a compact magnetic spectrometer capable of detecting electrons and positrons with wide energy range from 2 MeV to 500
MeV. We used RADIA, a C++ object-oriented programming code interfaced to Mathematica and developed by European Synchrotron Radiation Facility, to solve the three-dimensional magnetostatics field configuration of the geometry. 22 RADIA uses boundary integral method and is computationally economic compared to commercial software based on the Finite Element packages. 22 The mm from the center of the aperture as a zero reference, which increases linearly to the 60 mm till the pole edge. We note that the entrance aperture in the simulation was a square with the length of 20 mm whereas the actual prototype has a circular aperture with diameter 20 mm. followed by small peaks on either side along the X direction as observed in Fig. 2 (a) . This is due to the presence of a small gap of ~0.3 mm between the magnetic poles that was considered to match with prototype's dimensional 
III. NdFeB MAGNETIC ASSEMBLY AND FIELD MAPPING
The in-house assembled prototype along with the magnetic flux density measurement setup is shown in figure   2 . The confining edges of the top and bottom yoke were made slightly larger to make assembling the NdFeB blocks in the yoke assembly easier. This resulted in the creation of a small gap of ~0.3 mm between the NdFeB blocks of same magnetic pole. In addition, four cylindrical Aluminum stubs each with diameter of 12.7 mm were introduced between the NdFeB blocks for structural integrity and magnetic stability. Two stubs are in the front side next to entrance aperture without blocking it and two are on the back as shown in figure 3 . Since Aluminum is paramagnetic, the effect of the stub on the magnetic flux distribution are negligible. 
IV. DETECTION CHALLENGES AND OPTIONS
The tapered design offers strong focusing of electrons and positrons with energies up to 60 MeV within the geometrical bounds of the magnetic enclosure as clearly indicated by the presence of the gradient field on the order of few T/m (see Fig. 2(b) ). However, the compact size of the design only allows weak focusing the particles above 60 MeV as shown in Fig. 2(b) . In addition, the presence of incident beam divergence also results in weaker focusing strength of the magnet for all energies from 2 to 500 MeV. We demonstrate this effect by calculating the path length of a reference particle at the crossing point with other particles' trajectories incident on the magnet at a radius of 9 mm from the reference point (X= -80, Y= 0, Z=0). Since the focusing effect of the magnet is present only in the horizontal plane, we consider the particles distributed only in the horizontal plane at a radius of 9 mm from the reference point for convenience. Assuming the magnet to be a thin magnetic lens at the reference point, the crossing point of the trajectories for an energy would represent the focal length of the magnet for that energy. A pixelated scintillator type adaption, as reported by Gahn et. al 11 and Chen et. al. 12 , allows detection of the full energy range via discretization. Nevertheless, the response of the scintillator is energy dependent and the energy resolution cannot be maximized due to the fabrication limits on the smallest size of the scintillator. On the other hand, the Imaging Plates (IPs) are well calibrated over the wide range of energy spectrum compared to the scintillators; 24-26 they also offer high resolution and dynamic range, are unsensitive to electromagnetic pulses, durable and cost effective. 13, 14, 24, 26 In addition, they are flexible and can easily move along a guided groove of plane 1 with no compromise in the detection of a particle beam with continuous energy range. as shown in figure 6 (b) . The standard deviations of the incident angles are very high for particles with low energies up to 15 MeV because these particles experience strong magnetic force and sharp deflection via Lorentz force.
V. RESOLUTION, ACCEPTANCE AND EFFICIENCY
Even though the gradient magnet design offers nice feature of focusing effect for a horizontally spread beam, the acceptance of the gradient magnet is limited by the fact that the transverse spatial profile of a practical beam has both horizontal and vertical distribution. Based on the counting and tracking of one hundred particles incident on the magnet as shown in Fig. 5(b) , we calculated the minimum Z-limit at the entrance aperture for all energies and collimation cases as shown in Fig. 6 (d) . The minimal entrance aperture is found to be elliptical with major radius of 10 mm in the transverse-horizontal plane and a minor radius of 7. 25 mm for the parallel beam; for the divergent beam, the minor radius shrinks to 3.1 mm; this aperture is still bigger than that of typical pinhole 5 mm diameter aperture-based spectrometer designs.
11,14
Now, we extend the charged particle tracking based calculations to calculate the expected signal efficiency in BAS-IPs of SR tpye 24, 26 in the chosen detection plane 1. Fig. 6(d) shows the plot of expected photo-stimulated luminescence (PSL) signal per electron or positron versus the kinetic energy of the particles. The PSL sensitivity of the IP response for electrons are based on Tanaka et. al. 24 For the sake of simplicity, we assumed that the IP response to positrons were same as that to the electrons and did not take fading into account. The PSL efficiency in BAS-SR IPs ranges from 1% to 5% for a parallel beam incident on a circular aperture of 20 mm diameter with lower PSL signal evident in the energy range from 20 to 60 MeV (see Fig. 6(d) ). We attribute the drop in the signal efficiency in this energy range to the smaller angle of incidence to the detection plane 24 ( Fig. 5(b) ) and reduction in the number of particles reaching the detector plane (see Fig. 5(c) ). The likelihood of particle hits slowly rises with energy up to 15 MeV and starts to drop until it reaches a local minimum at 45 MeV before rising again to reach a plateau at energies greater than or equal to 200 MeV. The increase in hits at energies greater than 50 MeV is due to the vertical focusing introduced in the particle trajectories by the fringe fields as indicated by the particle hits in the detector plane 1 shown in Fig. 5(b) . The trend is similar for beam incident with divergence of ~ 8 milli steradians on the the entrance aperture; however, the probability of hits is lower and PSL signal efficiency drops by a factor of 2 or higher at energy greater than 50 MeV compared to the parallel beam case. The PSL signal efficiency can 10 be improved by about a factor of four by selecting BAS-IP of MS type over SR type based on the calibration data of various types of IP. 
VI. DISCUSSIONS AND CONCLUSIONS
The gradient magnet has the unique properties of a magnet desired for multi-MeV gamma spectroscopy. First, it has the magnetic field configuration, like that of BRES 18 and GEPS 19 but that extends to higher energies, to allow for energy dependent focusing of an incident low flux electron/positron beam with finite transverse spatial profile.
Second, its mirror symmetry allows detection of low flux positrons with energy resolution equal to that of electrons;
this permits the removal of systematic error contained in the low-energy tail of the electron spectrum due to pairproduction for accurate deconvolution of the energy spectrum of a low flux poly-chromatic gamma-ray beam with energy less than 20 MeV as discussed and proposed by Corvan et. al. 27 For instance, a pencil -like monoenergetic gamma-ray beam incident on a 20 mm Lithium block produces a peak electron signal with a conversion efficiency of 1.5% with kinetic energy of ~9 MeV whereas the peak positron signal occurs at around 5 MeV with a conversion efficiency of 0.08%. 27 On the other hand, the signal of electrons at 5 MeV is around 0.16% which is only two times as that of positrons. One alternative way to get rid of low energy tail (< 5 MeV) is to opt for thinner Lithium which is not favored when the incident photon beam has low luminosity. 27 MeV for medium Z materials like Aluminum or Titanium, 16 the complete reconstruction of the energy spectrum of a gamma-ray beam from pair-produced positrons at energies greater than 20 MeV is feasible. The gradient magnet offers extensive choice of converter materials and thicknesses to detect a poly-chromatic gamma ray beam depending on its energy range and luminosity. 28, 29 We plan to submit a thorough article on the adaption of the gradient magnet as a gamma-ray spectrometer in near future. 28, 29 To sum up, we have demonstrated the design and development of a gradient magnet based on permanent magnets that can detect electrons and positrons with energies from 2 to 500 MeV. We have presented a thorough analysis based on trajectory calculations and practical particle beam considerations. We have shown that the performance and efficiency of the gradient magnet can be enhanced by using imaging plates and elliptical entrance apertures under tight collimation conditions. This magnet is suitable for detection of low flux and/or monoenergetic type electron/positron signals. These features make this magnet an appropriate candidate to be assembled into a gamma-ray spectrometer. 
